We use low-frequency electrophoresis to crystallize monodisperse charge-stabilized colloidal suspensions. Rather than reverting directly to their equilibrium fluid state when the field is removed, some suspensions retain long-lived metastable crystallites whose evolution we track using highresolution digital video microscopy. To quantify the decay of order in this system we introduce an empirical criterion for distinguishing spheres in the crystal from those in the fluid.
Monodisperse charge-stabilized colloidal suspensions provide convenient model systems for studying the microscopic mechanisms of structural phase transitions such as freezing and melting. Depending on a suspension's volume fraction and counterion concentration, its ensemble of colloidal microspheres can undergo disorder-order transitions from fluid states to highly organized crystals of either face-centered cubic (fcc) or body-centered cubic (bcc) symmetry. These phase transitions are analogous to those induced in simple metals and noble gases by variations in pressure and temperature. Unlike the atoms in conventional materials, however, individual colloidal spheres are large enough to image directly with a conventional light microscope and move slowly enough to track with standard video equipment.
Direct imaging and light scattering studies have addressed metastability in the freezing of supercooled colloidal fluids [1] and equilibrium crystal-fluid coexistence [2] . The melting of colloidal crystals has received far less attention because of the comparative difficulty of creating a superheated crystalline state. In this Letter we describe a technique for creating superheated colloidal crystallites in contact with their fluid. To quantify the evolution of order during melting we introduce an empirical criterion which allows us to distinguish crystal from fluid with single-particle resolution. Under a range of experimental conditions, the measured ordering dynamics provide evidence for metastability in a strongly firstorder melting transition. This behavior is surprising in a system whose pair-wise interactions are generally taken to be purely repulsive [3] .
The colloidal suspension in this study consists of polystyrene sulphate spheres of radius σ = 325 ± 3 nm suspended in water at volume fraction φ = 0.02. These spheres have titratable surface charge densities of 1 electron equivalent per 10 nm 2 surface area. The mutual repulsion engendered by these surface charges stabilizes the suspension against flocculating under the influence of van der Waals attractions [3] . Dialysis against deionized water followed by tumbling with ion exchange resin reduces concentrations of dissolved polymer and stray ions which might modify the charge-mediated interaction. The colloid is contained in a sample volume of dimensions 10 × 20 × 0.02 mm 3 created by sealing the edges of a No. 1 cover slip to a microscope slide. Glass reservoir tubes extending from holes drilled through the slide provide access to the sample volume. Mixed bed ion exchange resin added to the tubes further reduces the concentration of stray ions leached from the glass surfaces. The open ends of the reservoir tubes are continuously flushed with humidified Ar to prevent contamination by airborne CO 2 . Changing the Ar pressure allows us to drive the suspension back and forth between the reservoirs to bring the system rapidly into chemical equilibrium at very low ionic strength.
The sealed cell is mounted on the stage of an Olympus IMT-2 inverted optical microscope. The microscope's 100× N.A. 1.4 oil immersion objective provides a field of view of 54 × 40 µm 2 with a depth of focus of ±0.200 µm which is comparable to a sphere diameter. The addition of a 5× video eyepiece provides a magnification of 85 nm/pixel on the attached CCD video camera. An individual sphere subtends an area of 20 pixels in this system and roughly 500 spheres are in focus in a given video frame. The colloidal spheres' motions are recorded on video tape at standard 1/30 sec intervals before being digitized and analyzed.
Creating superheated crystal requires introducing ordered regions into an equilibrium colloidal fluid. Such nonequilibrium ordering has been achieved through shear-induced alignment [4] and by the application of optical gradient forces [5] . The experimental geometries in the former class of experiments do not lend themselves to high resolution imaging, while the latter approach is only amenable to single-layer systems.
The response of a charge-stabilized suspension to an electric field provides another means to create transient ordered states. Negatively charged microspheres flow against the field through electrophoresis, while positively charged counterions at the glass sample container's Helmholtz layers flow with the field through electroosmosis. The surrounding water is set in motion through viscous coupling to the ionic hydration spheres. These contributions together with volume-preserving counterflows result in a roughly parabolic flow profile as indicated in Fig. 1 . A sphere driven through a shear flow ex- periences a Magnus force with a component perpendicular to the driving direction [6] . Such hydrodynamic forces are responsible for the accumulation of particles near container walls in fluidized beds [7] . We use a slowly oscillating electric field to compress colloidal spheres against the smooth parallel glass walls of our sample cell. The resulting increase in sphere density can be great enough to produce several polycrystalline surface layers while leaving the central volume of the container void of spheres.
The electric field is applied between thin film parallel plate gold electrodes patterned onto the sample cell as shown in Fig. 1 . The spheres' motion under a 10 V pp /mm field is slow enough to maintain laminar flow in the sample volume. Driving at 60 Hz phase locks the spheres' motions to the video camera's images and allows continuous monitoring of the crystallization process. By detuning to 59 Hz we measure the spheres' response to be roughly 1 diameter peak-to-peak along the system's midplane.
The compression-driven freezing transition occurs at both upper and lower walls; the data we present were obtained near the more accessible lower wall. The resulting multilayer fcc crystal presents its high density (111) face to the smooth rigid glass so that a single layer appears as an array of equilateral triangles. When the field is removed, the polycrystal first expands and then melts, starting along the grain boundaries and continuing until the entire suspension returns to the equilibrium fluid state. Less strongly interacting systems (those with counterion concentration on the order of 1 µM or greater) melt within seconds. More strongly interacting systems, however, can retain long-lived superheated crystallites such as the examples in Fig. 2 coexisting with the surrounding fluid for as long as an hour. Flowing less strongly interacting suspensions over ion exchange resin reduces the counterion concentration and reproducibly makes possible the creation of long-lived crystallites.
Metastable crystals drift freely across the glass surfaces, suggesting that inhomogeneities in the surfaces' properties are not responsible for their longeivity. Direct sphere-wall interactions also are not likely to mediate metastable ordering as compression-crystallized monolayers are always unstable.
To quantify these observations, we introduce an empirical criterion for distinguishing crystalline sites from those in the fluid. We base this distinction on the sixfold bond-orientational order parameter originally introduced by Halperin and Nelson [8] in the context of twodimensional melting. For a site k whose nearest neighbors [9] labeled by j are arrayed at angles θ jk from a reference direction, the six-fold bond-orientational order parameter is defined as
where the angle brackets indicate an average over nearest neighbors. The magnitude m 6 k = |ψ 6 k | achieves a maximum value of one for uniformly six-fold coordinated sites and is smaller for others. In practice, we find that m 6 does not provide sufficient information to distinguish unambiguously between crystals near melting and fluids near freezing. Additional insight into the degree of local orientational ordering is provided by the magnitude of the projection of ψ 6 k onto the mean local orientation field
Measurements on suspensions in homogeneous fcc crystal and fluid phases such as those in Fig. 3 indicate that a site k can be classified as crystal if
We therefore use Eq. (3) as a practical criterion for distinguishing spheres in the ordered phase from those in or adjacent to the fluid. Because this criterion depends only on particles' instantaneous locations and not on their dynamics, it is useful for time-resolved studies of interfacial fluctuations. While Eq. (3) is specialized to the case of ordering in the (111) face of fcc crystals, other two-and three-dimensional generalizations are possible [10]. We avoid misidentifications due to measurement error in the particle locations by performing Monte Carlo refinements on the particle classifications using the calibrated 20 nm error in centroid location [11] . In addition to the core crystalline sites identified by Eq. (3), we label non-crystalline sites connected to the core by nearestneighbor bonds [9] comparable in length to the crystal's lattice spacing as crystal surface sites. All other spheres are classed as belonging to the fluid. Typical classifications appear in Fig. 2(b) . The fraction of the field of view subtended by crystalline nearest-neighborhoods provides a measure of the degree of in-plane crystalline ordering. Figure 4 shows the evolution of the crystal fraction with time for two typical runs, one with rapid melting and another in which long-lived crystallites formed. In the former case the entire sample reverts to a fluid state in a matter of seconds. In the latter, the time scale for the phase transition extends to more than half an hour.
Although ionic strength affects the dynamics of the fluid state, this effect alone does not account for the observed dramatic difference in melting rates. We measure [11] the fluids' self-diffusion coefficients, D, by tracking mean square particle displacements, r 2 , and fitting to the Einstein-Smoluchowsky equation, r 2 = 4Dt. For the runs shown in Fig. 4 , the pre-compression selfdiffusion coefficients differ by no more than a factor of two (D fast = 0.24 µm 2 /s, D slow = 0.12 µm 2 /s) while their melting rates differ by two orders of magnitude. The time required for a sphere to diffuse the thickness of the sample volume provides a rough estimate of the diffusion-limited time to melting and is on the order of 10 seconds for either sample. This estimate agrees well with observed rates in rapidly melting samples. Furthermore, even the strongly interacting fluid is far from the equilibrium crystallization point as determined by the Löwen-Palberg-Simon (LPS) dynamical freezing criterion [12] . The LPS criterion states that a colloidal fluid will freeze when its selfdiffusion coefficient falls below D c = 0.095 D 0 , where D 0 = 0.89 kT 6πησ = 0.63 µm 2 /s is the wall-corrected [11] free-particle self-diffusion coefficient in water (η = 1 cP) at T = 25
• C. The more strongly interacting is well above this threshold with D slow = 2D c .
The microstructure of the long-lived crystallites provides evidence that the ordered state is stabilized by a cohesive energy. While crystallites such as those in Fig. 2 are not compact, their well-defined facets bespeak a sizable surface tension. Furthermore, after correcting for the microscope's depth of focus, the crystal-fluid interface supports a density mismatch as large as 70% of the crystal density as compared with the 10% mismatch seen in rapidly melting suspensions. The lower figure is consistent with observations of weakly first-order melting in purely repulsive systems such as hard sphere suspensions [13] . Finally, the lattice spacing of the long-lived crystallites remains constant throughout the melting process, whereas short-lived crystals expand while melting, as shown in Fig. 5 . These observations suggest that the melting in long-lived crystals is limited by kinetics at the crystal fluid interface while melting in short-lived crystals is diffusion limited.
The latent heat of melting for an ensemble of mutually repelling spheres arises entirely from the configurational entropy of the crystal [14] and should not depend strongly on a suspension's ionic strength. The melting rate then reflects the differing rates for attachment and detachment of spheres to the crystal surface, which in turn are set by the difference in free energy density between the superheated crystal and the surrounding fluid. This difference decreases as a fluid approaches freezing so that the melting rate should be smaller for the more strongly interacting fluid. Indeed spheres are observed to rejoin the crystal in the slowly-melting system as would be required for this scenario. How such a mechanism can support the large crystal-fluid density mismatch remains to be elucidated.
Recent measurements [15] have provided direct evidence for an attractive component in the long-range interaction between like-charged pairs of spheres confined by glass walls. Such an attraction would seem to account naturally for the stability of the metastable crystallites. Attractive interactions also have been proposed to explain a variety of otherwise puzzling phenomena in bulk colloidal suspensions [16] . However, attractive interactions are measured to be strongest for systems with moderate ionic strengths and are not evident [15, 17] at the low ionic strength for which we observe metastable crystallites. The question remains then as to the origin of the energy barrier to melting of the metastable crystals.
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